The cytokine tumour necrosis factor α (TNF) is a well known member of the TNF superfamily consisting of at least 18 ligands and 29 different receptors involved in numerous cellular processes. TNF signals through two distinct receptors TNFR1 and TNFR2 thereby controlling expression of cytokines, immune receptors, proteases, growth factors and cell cycle genes which in turn regulate inflammation, survival, apoptosis, cell migration, proliferation and differentiation. Since expression of TNF was discovered in amnion and placenta many studies demonstrated the presence of the cytokine and its receptors in the diverse human reproductive tissues. Whereas TNF has been implicated in ovulation, corpus luteum formation and luteolysis, this review focuses on the functions of TNF in human placental, endometrial and decidual cell types of normal tissues and also discusses its role in endometrial and gestational diseases. Physiological levels of the cytokine could be important for balancing cell fusion and apoptotic shedding of villous trophoblasts and to limit trophoblast invasion into maternal decidua. Regulation of the TNF/TNFR system by steroid hormones also suggests a role in uterine function including menstrual cycle-dependent destruction and regeneration of endometrial tissue. Aberrant levels of TNF, however, are associated with diverse reproductive diseases such as amniotic infections, recurrent spontaneous abortions, preeclampsia, preterm labour or endometriosis. Hence, concentrations, receptor distribution and length of stimulation determine whether TNF has beneficial or adverse effects on female reproduction and pregnancy.
Whereas TNF is mainly produced in monocytes and/or macrophages, TNF-β is a product of lymphoid cells, but binds to the same surface receptor as TNF [4] . Both proteins have similar biological activities [3] but investigation of their structures revealed that TNF-β is a glycoprotein that has no cysteine residues whereas TNF contains one disulphide bond [5] . In vitro site mutagenesis of these cysteine residues demonstrated that the disulfide bond is important for the biological function of TNF [6] . Throughout the years, however, it became clear that both proteins belong to a superfamily of soluble TNF ligands comprising at least 18 different members controlling diverse cellular functions such as apoptosis, inflammation, sepsis and development of the immune system [7] .
The TNF protein is a homotrimer primarily produced as a 212 amino acid type II transmembrane protein [8, 9] . Three monomers associate around a 3-fold axis to form a compact bell-shaped trimer. This structure is typical for members of the TNF family but comparison to known protein structures also showed structural homology to several viral coat proteins [10] . TNF can act in its membrane-bound form through cell-to-cell contact or after cleavage from the cell membrane as a soluble 51 kDa homotrimer (sTNF). Cleavage is carried out by the metalloproteinase TNF alpha converting enzyme (TACE, also called ADAM17) [11] . The homotrimeric sTNF dissociates at concentrations below the nanomolar range, thereby losing its bioactivity. The cytokine is predominantly produced upon activation of myeloid cells, e.g. macrophages, but also by endothelial cells, fibroblasts and neuronal tissue.
TNF exhibits its biological properties upon binding to its cognate membrane receptors TNFR1 (TNFRSF1A, CD120a, p55) and TNFR2 (TNFRSF1B, CD120b, p75) which are members of the TNF receptor superfamily [12] . This superfamily consists of at least 29 trans-membrane proteins which are activated through the different TNF superfamily ligands and signal through six different members of a family of intracellular mediators termed TNFR associated factors (TRAFs). A hallmark of the TNFR superfamily is cysteine-rich regions in their extracellular domain including 6 highly conserved cysteine residues [13] . TNFR1 and TNFR2 contain each four cysteine-rich repeats [14] . Like the TNF ligands, the receptors also form a trimeric structure. It was long believed, that the ligand recruits three receptor monomers into the final 3:3 complex [12] being the key event for initiation of signal transduction. However, recent evidence indicated that a distal cysteine-rich domain which is called PLAD (pre-ligand binding assembly domain) keeps TNFR1 and TNFR2 in a pre-assembled oligomeric status avoiding causeless auto-activation [15] . Upon ligand binding the receptor undergoes a conformational change towards a higher-order receptor complex achieving signal competence [16] . TNFR1 is constitutively expressed in most tissues and seems to be the key mediator of TNF signalling. In contrast, TNFR2 is strongly regulated and predominantly found in immune cells indicating that this receptor plays a major role in the lymphoid system [17] . The extracellular domains of both receptors can also be cleaved from the membrane resulting in the production of soluble TNF (sTNF) receptors. The secreted proteins eventually neutralize TNF, even though their binding affinities are much lower than those of the membrane receptors [18] . Whereas TNFR2 is cleaved by TACE [19] , the proteolytic enzyme releasing sTNFR1 is still unknown. Shedding of sTNFR1 seems to be physiologically important since mutations leading to cleavage resistance are related to dominantly inherited auto-inflammatory syndromes (TNFR1-associated periodic syndromes) [20] .
TNF has a wide spectrum of bioactivities and most cells show at least some response sensitivity to TNF (Fig. 1) . In general, the cytokine displays a functional duality being involved in tissue regeneration and destruction [16] . Under physiological conditions, TNF is involved in immune surveillance and defence, in cellular homeostasis, protection against certain neurological insults as well as in the control of cell survival, proliferation, migration and differentiation [21] . Owing to its strong pro-inflammatory and immuno-stimulatory activities, TNF is associated with a number of pathological events. The cytokine is involved in the progression of many autoimmune diseases, e.g. rheumatoid arthritis and inflammatory bowel diseases [22, 23] . Hence, usage of sTNF receptors and TNF-neutralising antibodies became important therapeutic strategies for these disorders [24] .
In general, TNF concentrations seem to determine whether the cytokine exerts beneficial or harmful effects. High doses of sTNF in response to lipopolysaccharides and other bacterial toxins play a key role in the development of septic shock [25] . Low concentrations over a long period of this particular cytokine are often associated with cachexia (i.e. weakness, loss of weight and muscle atrophy) which can be found in tumour patients [26] . All the different well described roles of TNF indicate that there must be a complex interaction pattern between TNF concentration, tissue and cell type, TNF receptor distribution and duration of TNF stimulation leading to a specific physiological or pathological reaction.
TNF-dependent signalling pathways
TNF signalling is mediated through TNFR1 and TNFR2 (Fig. 2) . Although both receptors contain a highly homologous, cysteinerich extracellular domain, their intracellular regions do not show sequence homology [27] . The two receptors are differentially expressed on cells and overlapping as well as distinct signal transduction was observed. However, general differences between TNFR1-and TNFR2-dependent signalling were noticed. Activation of TNFR1 basically leads to pro-inflammatory as well as programmed cell death pathways, both associated with tissue injury. Signalling through TNFR2 can induce apoptosis but also support survival promoting tissue repair and angiogenesis [28] .
TNFR1-dependent signalling-
The cytoplasmic domain of the unstimulated receptor is bound by silencer of death domain (SODD) preventing constitutive signalling of TNFR1 [29] . Upon TNF stimulation, SODD is released and TNFR-associated death domain protein (TRADD) binds to the intracellular domain followed by recruitment of the serine/ threonine kinase receptor interacting protein-1 (RIP-1) [30] , TRAF-2, as well as of cellular inhibitor of apoptosis proteins cIAP1 and cIAP2. This protein complex, termed complex I, is considered to activate the NFκB pathway via MAP (mitogen activated protein) kinase kinase kinase-3 (MEKK-3) leading to phosphorylation of the inhibitor of κB kinase (IKK) [31] which in turn phosphorylates the inhibitor of κB(IκB). This phosphorylation step causes ubiquitination-dependent degradation of IκB allowing NFκB to enter the nucleus and to initiate gene transcription. NFκB is a well described key regulatory transcription factor regulating numerous processes such as inflammation, development, oncogenesis or cellular stress. 200 physiological stimuli are known to activate NFκB. These include bacterial and viral products, cellular receptors and ligands, mitogens and growth factors and physical and biochemical stress inducers. The active transcription factor controls a plethora of genes such cytokines, chemokines, stress response genes, regulators of apoptosis, immune receptors and adhesion molecules, but also growth and cell cycle proteins. The NFκB pathway can also be activated through TRAF-2 [32] .
The second signalling pathway elicits cell death. By a largely unknown mechanism receptor complex I is internalised and a complex consisting of TRADD, RIP-1 and TRAF-2 is released from TNFR1 [33] . Subsequently, Fas-associated DD protein (FADD) binding to TRADD and pro-caspase-8 are recruited to form complex II. This signalling step results in activation of caspase-8 through two distinct pathways [34] and finally activate caspase-3 initiating apoptosis.
In a third signalling pathway another protein is recruited to the TRADD-RIP-TRAF-2 complex, the apoptosis-signalling kinase-1 (ASK-1) which is a member of the MEKK family. This protein complex is thought to activate the MAP kinase kinases MEK-4 and MEK-6 [35] . These enzymes phosphorylate and activate c-Jun N-terminal kinases (JNKs) and p38 MAPKs. JNKs phosphorylate c-Jun, a subunit of the transcription factor activating protein-1 (AP-1). Similar to NFκB, AP-1 is considered to promote inflammation and cell survival. However, TNF signalling through ASK-1 provokes cell death since overexpression of dominant-negative ASK-1 or knock-down inhibits TNF-induced apoptosis [35, 36] .
Besides pathways modulating cell survival TNF was also shown to promote growth through activation of extracellular regulated kinases (ERK) as well as AKT [37] . In conclusion, TNF acting through TNFR1 induces numerous signalling pathways provoking a variety of cellular effects. The complexity and cross-talk of TNF signalling pathways still have to be elucidated.
TNFR2
-dependent signalling-Compared to TNFR1-dependent signalling, TNFR2-mediated pathways are less well understood. TNFR2 has no death domain but can mediate signalling via TRAFs sharing signalling effects with TNFR1 such as activation of NFκB and JNKs. The intracellular domain of TNFR2 can directly interact with TRAF-2 resulting in further recruitment of RIP and FADD and activation of caspases. However, depending on the cell type TNFR2 can promote proliferation or apoptosis and the protein has also been implicated in models of cerebral malaria and microvascular cell damage [38] . TNFR2 was also shown to activate the endothelial/epithelial tyrosine kinase (Etk) which activates the PI3K-Akt pathway via vascular endothelial growth factor (VEGF) finally modulating cell adhesion, proliferation, migration and survival [39] .
Expression pattern of TNF and TNF receptors in gestational tissues
Since TNF was first detected in amniotic fluid and placental supernatants during normal human pregnancy [40] , numerous studies have investigated the expression pattern of the particular cytokine as well as its receptors, TNFR1 and TNFR2, in different gestational tissues. In general, many cell types of human endometrium, decidua and placenta were shown to express TNF and its receptors suggesting that multiple autocrine and paracrine interactions may occur.
Expression of TNF
TNF mRNA and protein are expressed in endometrium and in myometrial smooth muscle cells of the uterus based on in situ hybridisation studies and immunohistochemical analyses [41] [42] [43] . Various cell types of the endometrium, i.e. fibroblasts, macrophages [44] , glandular epithelial cells [42] and vascular cells [45] , were all described to express the particular cytokine. In detail, TNF protein content in the glands is negative to weak in the early proliferative phase with increasing levels during the proliferative phase and a maximum in the late proliferative phase. The expression remains high throughout the secretory phase with a staining intensity slightly lower than in the late proliferative phase. Changes in localisation were also noticed since during secretory phase TNF is predominantly expressed in the apical part of the glandular epithelium. Towards the end of the cycle, TNF mRNA decreases whereas TNF-α protein remains high in endometrial glands. The expression intensity is similar in basal and functional layers of the endometrium. Weak production in stromal cells was suggested throughout the whole cycle [46] whereas others noticed continuous expression from mid-proliferative to late secretory phase and in decidua during the first trimester of pregnancy [45] . Upon decidualisation TNF mRNA has been detected in stromal cells and macrophages [44] as well as in uterine NK cells, T-cells [47] and endothelial cells [48] . Several authors also noticed basal secretion of TNF protein from decidual tissue or isolated decidual stromal cells in vitro [49] [50] [51] .
Placental expression of TNF changes during pregnancy [41] suggesting a specific function in developmental differentiation processes. After in vitro fertilisation varying amounts of TNF have been detected in supernatants of human embryos which however was not related to pregnancy outcome [52] . During the first third of gestation TNF mRNA seems to be predominantly expressed in all cell types of the trophoblastic lineage including villous cytotrophoblasts and syncytiotrophoblasts as well as in proliferating cytotrophoblasts of cell islands and invasive trophoblasts [43, 53] . As pregnancy proceeds mRNA expression switches from the trophoblastic cell population to a stronger signal within villous stromal cells [54] . Immunohistochemical analyses detected TNF protein predominantly in cell columns [55] . The signal intensity is maintained during invasion and even gains intensity when the extravillous trophoblasts (EVT) displace the endothelial cells of spiral arteries [55] . However, at later stages of pregnancy TNF protein expression decreases in invasive cells and trophoblast giant cells lack any TNF expression [55] .
Expression of TNF receptors
Expression of the two TNF receptors was detected in endometrial epithelial cells throughout the whole menstrual cycle with higher expression in the basalis layer as compared to the functionalis [56] . Others reported increasing levels of TNFR1 during the menstrual cycle with peak levels in the late secretory phase [57] . TNFR2 varies during the cycle and highest expression was observed in the late proliferative and late secretory phase [57] . Another study failed to detect TNFR2 protein in endometrial glands of human decidua, but observed partial expression in decidual NK cells, T-cells, macrophages, stromal and endothelial cells [49] . Indeed, numerous studies have shown that decidual cell cultures respond to TNF treatment suggesting that different decidual cell types express TNF receptors.
In the placenta, first trimester trophoblasts of cell columns were shown to exhibit strong signals of TNFR1 mRNA whereas villous cytotrophoblasts and syncytiotrophoblasts show a nonuniform distribution of the receptor mRNA. In contrast to TNF mRNA, TNFR1 mRNA is highly expressed in first trimester villous stromal cells [58] . In term placentas, TNFR1 mRNA remains consistently strong within the villous stroma and endothelial cells but has also been detected in syncytiotrophoblasts although at lower levels [58] . Placental distribution of TNFR2 mRNA is similar to TNFR1 mRNA but signals are weaker and increase in villous stromal cells of late pregnancy [58] . In vitro expression of TNFR1 mRNA and to smaller extents TNFR2 mRNA could also be observed in cultured first trimester trophoblasts [59] .
TNFR1 protein was shown to be widely expressed in villous cytotrophoblasts, cell columns and invasive trophoblasts of early gestation [59] . In villous mesenchymal cells production is weak whereas strong signals were obtained in syncytiotrophoblasts during all gestational ages [58, 60] . Regarding placental TNFR2 protein expression inconsistent data are found in the literature. Whereas TNFR2 polypeptide was noticed in first trimester cytotrophoblasts and syncytium with decreasing levels in these cell types towards the end of pregnancy [58] , others failed to detect the protein in any of the first trimester trophoblast subtypes [49, 59] . With respect to syncytial expression TNFR2 polypeptide could be detected in most but not all studies [49, [58] [59] [60] . Interestingly, there might be differences in the intracellular distribution and staining pattern between the two receptors. While syncytial TNFR1 protein showed a perinuclear localisation, the staining of TNFR2 demonstrated a more granular pattern in the cytoplasm [60] . In vitro, however, surface as well perinuclear staining of both receptors could be detected in cultured third trimester trophoblast [61] . In addition, these cells also rapidly release sTNFR1 and sTNR2 into the culture medium [62] providing an explanation for elevated concentrations of soluble TNF receptors in the urine of pregnant women [63] .
Function of the TNF-TNF receptor system in gestational tissues
Pleiotrophic functions of TNF on diverse reproductive cell types were described. Whereas the focus of this review is to elucidate the role of the cytokine in placenta and endometrium with respect to physiology and disease, we would like to refer to other reviews summarising effects of TNF on ovarian function. Expression of TNF and its receptors has been detected on oocytes, granulosa cells and interstitial cells suggesting autocrine as well as paracrine interactions. The cytokine was shown to inhibit steroidogenesis in undifferentiated ovaries whereas it stimulates progesterone synthesis in differentiated ovaries [64, 65] . However, TNF also has been implicated in regression of the corpus luteum since luteal TNF was shown increase upon the decline in progesterone secretion. TNF-dependent regression could be mediated through induced prostaglandin synthesis and/or apoptotic processes [66] . In summary, it was concluded that TNF is critically involved in homeostasis of ovarian function, ovulation, corpus luteum formation and luteolysis.
Physiological and pathological role of TNF in the placenta
TNF provokes a variety of biological effects on placental and endometrial cell types such as apoptosis, inhibition of trophoblast cell fusion and invasion or epithelial shedding likely involving both types of TNF receptors. However, details on TNF-mediated signalling such as downstream adaptor proteins or phosphorylation steps in these cell types are largely unknown.
3.1.1. Apoptosis-Numerous studies investigated the role of TNF in programmed cell death of placental trophoblasts. In summary, the data suggest that local TNF production could be critically involved in the physiological balance of trophoblast turnover and renewal. Cytotoxic effects of TNF alone or in combination with interferon γ (INFγ) on cultured third trimester villous cytotrophoblasts were described [61, 67] . Utilisation of either TNFR1-or TNFR2-specific TNF proteins suggested that apoptosis is predominantly induced trough TNFR1 [61] . This was confirmed by utilisation of antibodies which mimic TNF ligand and hence induce signalling in a receptor subtype-specific manner [61] . Alternatively, recent evidence suggested that TNF may also induce trophoblast death by antagonising the caspase-inhibitory action of XIAP (X-linked inhibitor of apoptosis) through elevation of the pro-apoptotic protein XAF1 (XIAP associated factor 1) [68] . TNF-dependent cytotoxicity can be dose-dependently blocked by supplementation of epidermal growth factor (EGF) which is thought to the interrupt an early step of the apoptotic response [69] . Trophoblast survival upon EGF treatment could also be partly mediated through EGF-dependent fibronectin secretion [70] . Similar to EGF other abundant growth factors of the fetal-maternal interface such as bFGF, IGF-1, and PDGF were also shown to partially inhibit TNF-induced apoptosis of villous cytotrophoblasts [71] . In contrast to other cell types, TNF-induced programmed cell death did not involve production of reactive oxygen species or reactive nitrogen intermediates [72] .
Similar to third trimester cells, the cytokine induced TUNEL-positivity and elevation of caspase-3 enzyme activity in purified cytotrophoblasts of first trimester placentae suggesting that the TNFα-dependent apoptotic cascade is also executed in a portion of early trophoblasts [59] . Loss of syncytiotrophoblasts during placental inflammation may also involve a TNFdependent process. Using an in vitro co-culture model activated maternal monocytes were shown to induced syncytial apoptosis through TNF [73] . Focal damage of the epithelium could provide a mechanism for maternal leukocyte infiltration into the fetal stroma. In contrast to trypsinisolated cytotrophoblasts, TNF failed to induce apoptosis in invasive trophoblasts differentiating from whole villous explant cultures of early pregnancy [74] . This suggests that trophoblasts which have not been damaged by the isolation procedure may be less sensitive to TNF-induced cell death. Alternatively, matrix-components and/or growth factors present in the organ cultures may protect from TNF-dependent cytotoxicity. Along those lines, others showed that TNF provoked apoptosis of the chorionic trophoblast cell lines TCL-1 [75] . However, TNFα did not induce death when these cells were cultured on different matrices including fibronectin, collagen 1, collagen 4 or laminin but provoked integrin switching [75] . Hence, it was concluded that TNF may also play a role in EVT differentiation.
Another physiological function of trophoblast-derived TNF could be apoptosis of vascular smooth muscle cells (vSMC) surrounding spiral arteries of the maternal decidua [76] . Removal of those cells is though to be part of a biological process enlarging the diameter of spiral arteries to increase blood flow into the placenta and the developing fetus. Trophoblast cells and trophoblast-conditioned media were shown to induce SMC cell death suggesting that soluble mediators are involved [77] . Indeed, a role of the TNF superfamily members FAS ligand and TRAIL which are produced in placenta and trophoblast has already been demonstrated [77, 78] . However, potential involvement of TNF in this process still has to be determined.
3.1.2.
Syncytialisation and hormone production-Placental hormones such as human chorion gonadotrophin (hCG) are crucial for maintenance of gestation and successful pregnancy outcome. In placental tissue, the major source of hCG is the multinucleated syncytiotrophoblast layer and hCG subunit transcription, mRNA expression and secretion strongly increase during in vitro cell fusion of primary trophoblasts [79] [80] [81] . Since production of hCG could be stimulated by placental as well as decidual growth factors, the role of cytokines including TNF was studied by different investigators.
The first evidence for a critical role of TNF in hormone production was obtained from studies in choriocarcinoma cell lines. TNF was shown to increase hCG secretion of JAR cells, whereas the cytokine reduced hCG secretion from term placenta [82] . Similarly, others also observed TNF-dependent expression of hCG in JAR and JEG cells [83, 84] . In contrast, cytokine treatment of primary trophoblasts isolated from term pregnancies decreased hCG secretion up to 75% [85] . Most recently, the role of TNF in trophoblast syncytialisation and hCG expression was analysed in more detail using trophoblast of term placentae and first trimester villous explant cultures. Whereas TNF did not affect expression of the α-subunit of hCG in the purified term trophoblasts, the cytokine suppressed promoter activity of the β5-hCG gene, β-hCG mRNA levels as well as secretion of total hCG [86] . Diminished hCG production and release was attributed to the inhibitory effects of TNF on trophoblast syncytialisation. Along those lines, it was suggested that the cytokine may also negatively affect cell fusion during early pregnancy since TNF reduced endogenous and secreted β-hCG levels as well as the syncytium recovery rate of denuded first trimester villous explant cultures [86] .
In conclusion, the data suggest that TNF-dependent hCG expression and secretion could be beneficial for particular functions of choriocarcinoma cell such as proliferation and survival. Indeed, downregulation of β-hCG in these cells was shown to suppress cell growth and to increase apoptosis [87] . In contrast, TNF inhibits syncytialisation and hCG expression in primary trophoblasts suggesting that elevated concentrations of the cytokine could have adverse functions on placental development and pregnancy outcome. The suppressive effects of the cytokine could play a role in the pathogenesis of different gestational diseases, for example in recurrent spontaneous abortions (see Section 3.1.4.2).
Trophoblast proliferation and invasion-The extravillous differentiation
program, i.e. formation of anchoring villi trough adhesion and proliferation and generation of different EVT subtypes invading different compartments of the maternal decidua, is an essential process of placental development. The invasive trophoblasts migrate into decidual stroma as well as into the spiral arteries thereby displacing maternal endothelial cells. This process is thought to be associated with enlargement of vessel diameter resulting in increased blood and oxygen supply to the developing placenta and fetus. The mechanisms that initiate proliferation of cell islands during early pregnancy and at distinct attachment sites of anchoring villi are largely unknown but cytokines could potentially be involved.
First evidence that TNF could modulate trophoblast growth was obtained in blastocysts and isolated trophoblasts from rodents [88] . In general, TNF is considered to negatively affect blastocyst since elevated TNF concentrations were shown to decrease proliferation and to increase apoptosis predominantly through TNFR1-dependent signalling [88] [89] [90] [91] . This, however, could be mainly due to the adverse effects of the cytokine on the inner cell mass (ICM) of blastocysts rather than on trophoblast [92, 93] . In mouse blastocysts, TNF did not alter trophoblast proliferation but increased numbers of multinucleated trophoblast cells [93] . Similarly, the cytokine did not affect cell growth of isolated first trimester trophoblasts, villous explant cultures or of the trophoblast cell line HTR-8/SVneo [59, 74, 94] . In contrast, TNF may play a role in the autocrine control of choriocarcinoma cell proliferation since recombinant TNF increased proliferation of JEG and JAR cells which could be specifically inhibited by TNFR1 antibodies [43] . Along those lines, analyses of trophoblast cell lines derived from TNFR1 or TNFR2 knock-out mice indicated that inhibition of proliferation is predominantly achieved through TNFR1 signalling [95] .
With respect to invasive trophoblast differentiation accumulating evidence suggests that TNF may exert negative effects on cell survival and migration and hence could play a role in gestational diseases with failed trophoblast invasion. Although TNF alone may not be a sufficient inducer of EVT apoptosis [74] , the presence of both elevated numbers of macrophages, as it occurs in the decidua of preeclamptic women, and TNF provoked programmed cell death of a hybridoma trophoblast cell model [96] . Several investigators, however, demonstrated that TNF specifically inhibits trophoblast migration and invasion. Although TNF did not affect adhesion, the cytokine was shown to decrease in vitro motility of JEG-3 and HTR-8SVneo cells [97] . In the latter and in first trimester villous explant cultures TNF was shown to decrease migration mainly through upregulation of plasminogen activator inhibitor-1 (PAI-1) since PAI-1-inhibitory antibodies largely abolished the suppressive effect of the cytokine [74, 94] . PAI-1 is known to specifically block the pro-invasive enzyme urokinase plasminogen activator-1 (uPA) playing a critical role in trophoblast invasion [98] . TNF-dependent induction of PAI-1 likely involves NFκB-dependent signalling [94] . Similarly, activated macrophages secreting TNF were shown to limit HTR-8/SVneo cell invasiveness through TNF-dependent production of PAI-1 and inhibition of uPA activity [99] .
Despite its negative effects on trophoblast migration and invasion, TNF was shown to stimulate matrix metalloproteinase-9 (MMP-9) expression in first trimester trophoblasts, explant cultures and decidual cells [74, 100, 101] . Since MMP-9 is thought to be one of the key enzymes in trophoblast invasion, TNF-dependent induction of the protease could be a mechanism to balance adverse effects of exceeding cytokine levels. This may also apply to other MMPs regulated by TNF in trophoblasts [102, 103] . On the other hand, elevated expression of MMP-9 was noticed in invasive trophoblasts of pregnancies complicated with trisomy 21, in particular in cases with increased apoptosis and poor pregnancy outcome [104] . Also, elevated production of MMP-9 was observed in EVT and adjacent decidual cells of preeclamptic women [100] . These data suggest that aberrant TNF levels could also impair critical steps of trophoblast adhesion and invasion by increasing MMP-9 expression and abnormal degradation of decidual/ trophoblast-derived extracellular matrix (ECM) proteins.
TNF and pregnancy diseases

Balance of Th1 and Th2 cytokines:
The balance of pro-and anti-inflammatory cytokines is critical for implantation, placental development and pregnancy outcome. Expression of inflammation-associated T helper 1 (Th1) cytokines such as TNF could be favourable during the pre-implantation and implantation period. For example, TNF was shown to induce shedding of MUC1 associated with embryo implantation [105] .
Pregnancy, however, is associated with a decrease of Th1 and induction of Th2 cytokines. The pregnant uterus is well known as an immune privileged organ since the predominant expression of anti-inflammatory Th2 mediators are likely important to reduce aberrant inflammation and allograft rejection of the fetus. Break down of the immune privilege at the fetal-maternal interface and changes in the Th1/Th2 cytokine profile could have different adverse consequences including recurrent spontaneous abortion (RSA), preterm rupture of membranes, preterm labour or preeclampsia [106, 107] . The concept of the Th1/Th2 shift in pregnancy originally proposed by Wegmann et al. [108] , however, may represent a simplistic view since accumulating evidence suggests a role of several Th1 cytokines in pregnancy [109] . Similarly, the role of uterine NK cells comprising 70% of all decidual immune cells does not follow the Th1/Th2 paradigm. Nowadays, uNK cells are thought play a substantial role in physiological and pathological pregnancies. They secrete angiogenic growth factors, Th1 (including TNF) and Th2 cytokines and interact with unusual MHC proteins such as HLA-E, -G, -F expressed on extravillous trophoblasts suggesting regulatory functions on trophoblast invasion and vascularisation [107, 110] . Indeed, a reduced uNK cell proportion in decidua basalis of pregnancies with fetal growth restriction and a positive correlation between extent of trophoblast invasion and number of uNK cells was observed [111] .
Nevertheless, exaggerated secretion of Th1 cytokines such as TNF or IL-1 as occurs upon amniotic infection is known to cause detrimental effects on intra-uterine tissues such as abortion and preterm labour. Similar to other pro-inflammatory cytokines, TNF is secreted from a variety of gestational cells upon stimulation with bacteria or lipopolysaccharides in vitro including placental fragments, amnion, and chorio-decidua [112, 113] whereas trophoblast might be less active [114] . LPS-induced secretion of TNF from chorio-decidua could for example induce apoptosis in myometrial cells through TNFR1 [115] . Besides infections with bacteria and viruses, elevated Th1 immune response may also take place when there is limited secretion of soluble MHC proteins such as HLA-G from trophoblast, insufficient influx of NK cells into the decidua, hypersecretion of inflammatory cytokines due to genetic polymorphisms and others [116] . Although the inflammatory response provoked through TNF is regarded as the adverse effect of the cytokine on pregnancy, one may also interpret it in the context of immunosurveillance [117] . Initiation of a Th1 response represents a conserved mechanism allowing for preservation of our species. Restricting infection at the early beginning, even at the expense of fetal survival, guarantees well being of the mother. This evolutionary strategy still applies to women living in countries without access to antiinfective drugs.
Recurrent spontaneous abortion:
Many factors are thought to be involved in recurrent spontaneous abortion (RSA). Beside chromosomal and structural abnormalities, inflammation processes are one of the main triggers for miscarriage. Infections with pathogens that target the placenta and elicit inflammatory responses can cause abortion by enhancing the levels of damaging cytokines including TNF and INFγ. Determination of cytokines including the detrimental (TNF, INFγ) and beneficial ones (TGFβ, IL-6) revealed unchanged Th2 but increased Th1 cytokine levels in women with RSA supporting the hypothesis that the latter are crucially involved. An increase in TNF and INF concentrations ranging from 40% to 70% were observed in the abortion group compared to controls [118] . In agreement with the adverse role of TNF, reduced amounts of soluble TNF receptors were also described in women with RSA which could be restored to normal levels under progesterone substitution [119] . Treatment with TNF inhibitors also seems to increase live birth rates among women with RSA [120] . In general, TNF levels are significantly higher in women with RSA revealing TNF as "the bad guy". In many studies, however, TNF is not the only mediator and very often additional triggers are required to finally culminate in an abortive pathology.
TNF, however, may also play a role in preventing the development of offsprings with structural anomalies: under teratogenic stress less embryos with malformations were observed in TNF +/+ as compared to TNF −/− mice [121] 
Preterm labour:
At least 25% of all preterm births occur in pregnant women with microbial infection of the amniotic cavity which normally forms a sterile environment for the fetal development and growth [122] . Nevertheless, more than 60% of preterm deliveries remain unexplained without signs of amniotic infection.
Even in the absence of infection pro-inflammatory cytokines, such as IL-1β and TNF are thought to play crucial roles is in preterm as well as term delivery by transforming the uterus from a quiescent to an active state. The cytokines stimulate uterine activity via production of uterine activation proteins (UAPs) of which prostaglandins, in particular PGF 2α and its receptor, MMPs, vEGF, and oxytocin receptor are likely of main importance [123] . TNF, for example, increases in vitro PG production by stimulating endometrial and trophoblastic cyclooxygenase-2 (COX-2) expression [124, 125] and by decreasing PG 15-hydroxy dehydrogenase [126] which coverts PGs into inactive metabolites. Cytokine-dependent elevation of PG levels provokes uterine contractions and activates MMPs such as MMP-2 and MMP-9 [127] that degrade the extracellular matrix of the chorio-amniotic membranes. Another critical protein stimulated by TNF could be cortisol since it increases placental cortisol releasing hormone (CRH) production implicated in preterm labour [128] . TNF-dependent elevation of cortisol is achieved by inhibition of placental 11β-hydroxysteroid dehydrogenase which converts cortisol into its inactive derivate cortisone [129] . In vivo, experiments with rhesus monkeys showed that intra-amniotic infusions of TNF induced a variable degree of uterine activity among individual animals stimulating either preterm labour or an uterine contraction pattern of moderate intensity while IL-1β substitution resulted in preterm labour in all cases [130] . Hence, similar to other pregnancy complications the combination and extent of aberrant cytokine levels is critical for severeness of the disease.
Preeclampsia and IUGR:
Despite a tremendous number of studies the etiology of preeclampsia is still under discussion. Several hints suggest the involvement of immunological reactions leading to the typical mild to severe clinical signs including increased blood pressure and proteinuria that can result in malnutrition of the fetus. Indeed, in the last two decades elevated serum levels of TNF [131] [132] [133] [134] [135] , and sTNF receptors [134, [136] [137] [138] as well as increased mRNA/protein expression of TNF/TNFRs were noticed in leukocytes [139] and placenta [140] of preeclamptic women. For example serum concentrations of TNF were shown to be increased from 0.93 pg/ml (healthy women) to 1.39 pg/ml in preeclamptic women [131] . Another group found 210 pg/ml of the cytokine in sera of preeclamptic women as compared to 65 pg/ml in controls [135] . Similarly, sTNF receptors were found to be elevated in the serum of severe preeclamptic patients during the second (140 ng/ml vs. 116 ng/ml) and third (182 ng/ml vs. 142 ng/ml) trimester of pregnancy [138] . Two other groups failed to detect elevated levels of TNF in villous tissue suggesting that other sources than the placenta may also contribute to increased cytokine concentrations in preeclampsia [141, 142] . Several authors published a change in the Th1/Th2 profile with elevated Th1 cytokine levels such as TNF and reduced Th2 cytokines including IL-10 and IL-4 [143, 144] . Interestingly, despite proteinuria urinary concentrations of TNF are lower in preeclamptic patients, suggesting that decreased renal clearance of the cytokine could contribute to the inflammatory response [131] . Using circulating TNF as a marker controversial data were published concerning the predictability of preeclampsia prior to clinical manifestation. Most authors, however, failed to detect a correlation between TNF levels and the later onset of preeclampsia [145] [146] [147] [148] . Hence, the increase of TNF in sera of preeclamptic women might be a consequence rather than a cause of the disease. However, TNF could be a marker for the severity of preeclampsia since a correlation of plasma levels to different stages of the disease could be observed [149] .
Preeclampsia is an endothelial disorder and TNF plays a significant role in changing the balance between oxidant and antioxidant, the pattern of prostaglandin production and expression of adhesion molecules in blood vessels [139, 147] . Indeed, increased protein expression of soluble adhesion molecules such as sVCAM-1, sP-selectin, sE-selectin in the plasma of preeclamptic women could be a feature of endothelial cell activation and/or damage [150, 151] . Placental TNF could be involved in these processes since hypoxia/re-oxygenation of placental tissues in vitro increased secretion of the cytokine and activation of endothelial cells in a TNF-dependent manner [54] . Although increased apoptosis was also noticed in preeclamptic placentae [152] , TNF may not be a primary cause [153] . Stimulation of normal and preeclamptic trophoblasts failed to demonstrate increased programmed cell death but resulted in higher sensitivity of the latter to TNF-induced secretion of tissue factor [154] .
With respect to the placental bed of preeclamptic women elevated TNF expression was observed in foam cells of non-invaded spiral arteries suggesting a role in the development of atherotic lesions [55] . Activated macrophages also likely represent a source of elevated TNF in preeclamptic decidua which may negatively affect trophoblast migration through upregulation of protease inhibitors such as PAI-1 (see Section 3.1.3).
To delineate genetic factors in preeclampsia polymorphisms of the promoter region of the TNF gene were investigated. Regarding the C-850T polymorphism the T allele was significantly reduced in preeclampsia suggesting a protective role in a finish population [155] . In a Caucasian population another polymorphism, G-308A, showed significant differences only in preeclamptic women with intra-uterine growth restriction (IUGR) [156] . However, other studies failed to detect an association of C-850T and G-308A mutations with preeclampsia in Maya-Mestizo women [157] or of several polymorphisms with familiar preeclampsia in a Dutch population [158] suggesting ethnic differences. Similarly, a mutation in the TNF promoter region which is associated with increased transcription of the cytokine did not correlate with preeclampsia [159] .
In IUGR elevated levels of TNF were only observed in women with placental dysfunction but not in those with normal placental perfusion indicating that increased cytokine concentrations could be a phenomenon of a specific subset of IUGRs [160] . IUGR placentae may also have the capacity to release more TNF than normal placentae: using a perfusion model system IUGR placentae were shown to secrete higher amounts of the cytokine upon angiotensin II stimulation [161] . Hence, elevated TNF could potentially promote endothelial cell activation which is also being discussed for IUGR [162] . Furthermore, in vitro studies with villous cytotrophoblasts from IUGR pregnancies demonstrated a higher TNF-induced apoptotic rate when compared with uncomplicated pregnancies [163] .
Physiological and pathological role of TNF in the endometrium
The endometrium is a unique part of the female body where permanent remodelling processes occur during the reproductive stage. The alternating expression of TNF throughout the different endometrial cell types under non-pregnant and pregnant conditions suggests an important role for this particular cytokine. Recently, interactions of chemokines and cytokines in uterine cell types during reproductive physiology and pathology were discussed. The authors pointed out that cytokines such as TNF are important regulators of RANTES, MCP-1 and IL-8 which are produced in a time-and co-ordinated manner in the endometrium suggesting specific roles in angiogenesis, apoptosis, proliferation, differentiation and leukocyte trafficking [164] . Similar to the placenta, inflammation-dependent expression of TNF as well as TNF-dependent induction of cytokines in endometrial cells and chorio-decidua involves signalling through the NFκB pathway [165, 166] .
Menstrual cycle and decidualisation
As mentioned in Section 2.1 the concentration of TNF varies with the different phases of the menstrual cycle with a constitutive high expression level throughout the secretory phase. It is likely that the abundance of TNF is regulated by levels of steroid hormones. In ovariectomised mice TNF levels dropped whereas administration of oestradiol and progesterone resulted in re-appearance of the cytokine [167] . In humans, however, rise of TNF levels occur when steroid hormones are low. Hence, TNF expression might also be controlled by withdrawal of the hormones. Indeed, depletion of oestrogen in nude mice transplanted with human endometrial carcinoma cells resulted in increased TNF concentrations [168] . However, steroid hormones failed to induce TNF in cultured endometrial epithelial cells [168] , suggesting differences in hormone-dependent regulation of TNF between mice and humans or between in vivo and in vitro conditions.
One particular function of TNF could be direct as well as indirect induction of apoptosis in endometrial epithelial and stromal cells associated with menstruation. In the absence of implantation TNF could play a role in shedding of endometrial tissue. Indeed, TNF treatment of endometrial epithelial cells provoked growth arrest and apoptosis as well as loss of epithelial cell-cell contacts and vascular integrity [169] . Also, combined treatment of endometrial stromal cells with TNF and INFγ was shown to increase the apoptotic receptor Fas as well as Fas ligand-dependent apoptosis [170] . TNF may also control other cytokines potentially involved in local inflammation, menstruation and bleeding. In vitro, the cytokine increases production of IL-11 and IL-15 in both endometrial stromal and epithelial cells [171] and promotes expression of macrophage migration inhibitory factor (MIF) [172] . Targets of TNF associated with menstruation are enzymes required for matrix remodelling such as MMPs [173] . The assumption that TNF is involved in endometrial shedding and alteration of vessel function is further substantiated by the fact that increased levels were found in the menstrual effluent of women with menorrhagia [174] .
On the other hand, a function of TNF in endometrial regeneration was suggested since the cytokine was also shown to promote expression of soluble HB-EGF acting as mitogenic factor on endometrial stromal cells [175] . Production of the latter is also associated with decidualisation suggesting that the growth factor could be required to attenuate TNF-dependent apoptosis in these cells [176] . Elevated concentrations of the cytokine might indeed negatively affect the decidualisation process: TNF was shown to impair cAMP-and steroid hormonedependent expression of prolactin secretion from endometrial stromal cells [177] .
As mentioned in Section 3.1.3 TNF produced in decidual cells may exert regulatory effects on trophoblast implantation and invasion. Besides expression in macrophages, stromal and epithelial cells, secretion of the cytokine was also noticed from decidual CD56brightCD16 − NK cells and CD3 + T-cells [47] . The choriocarcinoma cell line JAR can stimulate TNF release from uterine NK cells [178] . Trophoblast-dependent expression of the cytokine in these cells may negatively affect trophoblast motility and hence represent a mechanism to limit the extent of invasion. A critical, trophoblast-derived molecule in this process could be soluble HLA-G since the protein was shown to induce TNF in uterine mononuclear cells [179] . However, soluble HLA-G was also shown to suppress TNF secretion from uNK cells suggesting differences between diverse uterine immune cells or experimental settings [180] .
One of the key functions of TNF in the placental bed might be induction of lymphangiogenesis during early pregnancy which could be important for fluid balance and trafficking of immune cells. Appearance of lymphatic vessels is sparse in normal cycling endometrium but occurs upon trophoblast implantation and invasion as was shown in vivo by transplanting placental villi into Scid mice [181] . In vitro, TNF-neutralising antibodies impaired lymphatic cell migration induced by trophoblast-conditioned medium suggesting a role of TNF in this process [181] .
TNF and endometrial diseases
3.2.2.1. Endometriosis-Endometriosis is defined as the presence of endometrial tissue at extrauterine locations, most commonly on the peritoneum and ovaries. The chronic disease occurs in about 10% of women in reproductive age and in up to 50% of women with infertility [182] . The hallmarks of endometriosis are a low-grade inflammation, increased concentrations of activated macrophages and their secreted cytokines, growth and angiogenic factors. Increased levels of TNF were firstly detected in peritoneal fluids of women with endometrioses compared to women with normal pelvic anatomy [183] . Subsequently, several authors showed increased numbers of peritoneal, activated macrophages, elevated levels of TNF in serum and in peritoneal fluid/macrophages as well as a positive correlation between TNF concentration and the severity of endometriosis [184] [185] [186] [187] [188] . During menstruation eutopic, endometrial expression of TNF mRNA was significantly higher in women with endometriosis supporting the idea that increased endometrial cytokine secretion may also contribute to an inflammatory microenvironment favouring the development of the disease [189] . TACE was also found to be elevated in endometrioses which could explain elevated levels of soluble TNF [182] . Among the large number of target molecules, TNF was shown to induce IL-1, IL-6 or IL-8 expression in endometriotic cells via the NFκB pathway [166, 190, 191] .
However, TNF may also directly affect endometriotic cells. In vitro assays showed that the adherence of endometrial stromal cells to mesothelial cells was significantly increased by pretreatment of the latter with TNF suggesting that the cytokine may facilitate pelvic adhesion and formation of ectopic lesions [192] . Others, however, failed to detect TNF-dependent changes in adhesion of endometrial epithelial cells [193] . Interestingly, TNF was shown to increase proliferation of eutopic and ectopic endometriotic cells whereas the cytokine inhibited growth of endometrial cells from healthy women [194] . Upon inhibition of different TNFdependent signalling pathways in endometriotic epithelial cells decreased expression and secretion of markers for epithelial-mesenchymal transition, inflammation and disease progression were noticed [195] . Moreover, abnormal angiogenic activity in endometriosis might be influenced by TNF. The cytokine was shown to increase vEGF secretion from neutrophils providing an explanation for elevated, peritoneal vEGF concentrations in endometriosis patients [196] .
Inhibition of Th1 cytokines such as TNF could be beneficial in the treatment of endometriosis. Indeed, different substances which are being tested or commonly used in patients such as hCG, GnRH analogues or danazol were shown to suppress endometriotic TNF production or expression of TNF-dependent genes in vitro [166, 191, 197] . However, inhibition of TNF alone may not be sufficiently effective in vivo. Whereas antibodies neutralising TNF activity were shown to decrease numbers and size of endometriotic lesions in a baboon model of induced endometriosis [198] , infliximab, commonly used for treatment of Crohn's disease and rheumatoid arthritis, failed to relieve pain in endometriotic women [199] . Also, treatment with infliximab may cause menstrual disorders such as menorrhagia [200] .
3.2.2.2.
Fertility problems-Multiple reasons are described in the context of fertility problems. In nearly 25-30% males are responsible due to reduced sperm motility, morphology or quantity whereas in 50% female infertility is the underlying cause. TNF can reduce sperm motility [201] and promoter mutations within the TNF gene which are associated with elevated TNF levels were detected in infertile males [202] . In women, anatomic factors, polycystic ovary syndrome (PCOS), ovulatory dysfunction, fallopian tube occlusion, endometriosis, or others are thought to be responsible for unwanted childlessness. Similar to endometriosis, tubal obstruction and PCOS are associated with peritoneal inflammatory cytokines including TNF, IFN and IL-1 [203] . Increased TNF was also detected in peritoneal fluid of nulligravid and nulliparous women compared to women with two ore more pregnancies/deliveries suggesting that the presence of TNF is associated with primary infertility [183] . In a logistic regression model, serum TNF levels also had a significant and negative impact on the likelihood of pregnancy [204] .
Conclusions
The vast abundance of TNF and its membrane-bound and soluble receptors in endometrium, decidua and placenta tissue suggest a role of the cytokine in reproductive tissues. TNF concentrations, receptor distribution and duration of TNF stimulation may determine whether the cytokine has beneficial or adverse effects on reproductive cell types. A summary of its presumptive functions under physiological and pathological conditions is depicted (Fig. 3) . Similar to other organs, TNF may control destruction and renewal of rapidly regenerating endometrial and villous trophoblast epithelia. Besides regulation of tissue homeostasis local TNF might be important during the pre-implantation period, for decidual lymphangiogenesis, to promote labour at term, as well as to limit the extent of trophoblast invasiveness. Exaggerated TNF response, however, may have contributing negative effects on reproduction and pregnancy including menorrhagia, endometriosis, chorioamnionitis, miscarriage, preterm labour, preeclampsia and IUGR. When aberrantly activated, TNF may have pleiotrophic effects on placenta and endometrium. In the uterus, the cytokine may inhibit decidualisation, promote epithelial apoptosis, favour pelvic implantation, angiogenesis and proliferation of endometriotic tissue and amplify the TH1 response by increasing inflammatory cytokines. In the placenta, TNF may impair trophoblast cell fusion and hormone production and provoke increased apoptosis, prostaglandin and cortisol production.
Despite our increasing knowledge on the diverse functions TNF in normal and pathological reproduction, much remains to be learned about TNF-dependent signalling cascades in the diverse gestational tissues and its interactions with other Th1 cytokines. Moreover, we assume that in vitro stimulation of placental and endometrial cell types with TNF predominantly provokes detrimental effects which might differ from local effects of the cytokine in vivo, particularly at low doses. This assumption is approved by investigations in other cellular systems. For example, TNF acts predominantly anti-angiogenic on in vitro cultured endothelial cells, whereas the cytokine has pro-angiogenic activities in vivo [205] . Therefore, continuous research and improvement of model systems are required to gain more insights into the complex functions of TNF in physiological and pathological placenta and endometrium. The diverse biological effects of TNF. Beneficial vs. adverse effects depend on local TNF concentrations, the expression pattern of TNF receptors and the abundance of inhibitors such as sTNFRs. TNF-dependent signalling pathways mediated through TNFR1 and TNFR2. Signalling of TNF through TNFR1 either results in formation of complex I and activation of NFκB (pathway 1) promoting inflammation, survival and differentiation or provokes cell death through complex II and activation of caspases (pathway 2). Recruitment of ASK-1 (pathway 3) induces JNK and AP-1 which in turn may initiate apoptosis or survival. TNFR2-dependent signalling may also promote cell death or survival through pathways 1 and 2, respectively, but also activate PI3K/AKT suppressing apoptosis and increasing promoting proliferation, migration and survival. An overview of the diverse functions of TNF in endometrium and placenta under physiological and pathological conditions.
